Aims Polyploids, organisms that have multiple sets of chromosomes, are common in certain plant and animal taxa. However, there are only a few reports of intraspecific ploidy variation within the genus Quercus. The aim of the study was to investigate the suspected ploidy level of two oaks that have unusual microsatellite banding patterns. † Methods Polyploidy was investigated by using microsatellite analysis, stomata length measurements and nuclear DNA content estimation by flow cytometry. † Key Results Each putative triploid tree has patterns of microsatellite variation unexpected for diploid genomes, with up to three alleles at some loci, significantly longer stomata and 1 . 5 times more DNA per nucleus compared with diploids. † Conclusions To our knowledge, this report contains the first evidence for triploidy in Q. petraea and confirmation of this phenomenon in Q. robur. Regardless of the positive or negative aspects of the presence of triploid oaks in forest stands, it is of value to be able to screen for them. This study demonstrates that nuclear microsatellites and estimation of DNA content by flow cytometry can readily be used for this purpose.
INTRODUCTION
The heritable condition of possessing more than two complete sets of chromosomes ( polyploidy) is a prominent and significant force in evolution and speciation in plants and, to a lesser extent, in animals (Schultz, 1980; Levin, 1983; Soltis and Soltis, 1995) . Well-documented examples of genome doubling exist in various groups of plants, insects, yeasts, amphibians, reptiles and fishes (Otto and Whitton, 2000; Wendel, 2000) . Among trees, polyploids including triploids are common in angiosperms, where they represent one-third of all species, but they are rare in gymnosperms (Wright, 1962) .
The genus Quercus includes about 300 species and belongs to the family Fagaceae, which represents the most important source of timber among broad-leaved species of the northern hemisphere. Oak wood is well recognized for its strength, durability and all-round usefulness (Ohri and Ahuja, 1990) . However, despite the great economical value of polyploidy in crop and forest tree species, no thorough studies on polyploidy have been carried out in oaks. There have been a few, isolated reports on spontaneous triploidy and artificially induced polyploidy in Q. robur (Johnsson, 1946; Burda and Shchepotiev, 1973; Butorina, 1993; Naujoks et al., 1995; Lefort et al., 1998 Lefort et al., , 2000 Lefort and Douglas, 1999) , but these have focused mainly on detection methods, providing evidence of triploidy rather than any indication of its frequency in nature (Lefort and Douglas, 1999) .
There are several ways to detect polyploidy. In trees, cytological techniques are standard, but they are difficult to perform because of the small size of tree chromosomes (D'Emerico et al., 1995) and the presence of extra chromosomes in some individuals (Ohri and Ahuja, 1990; Zaldoš et al., 1998) . The measurement of stomata length (Burda and Shchepotiev, 1973; Naujoks et al., 1995; Lefort and Douglas, 1999) and stomata area (Burda and Shchepotiev, 1973) may also enable the detection of triploids. However, detecting triploid trees seems to be much easier with genetic markers, such as isozymes (Naujoks et al., 1995) or microsatellites (Lefort et al., 1998 (Lefort et al., , 2000 Lefort and Douglas, 1999) . Among the various techniques available for estimating genome size, flow cytometry is convenient, rapid, precise and accurate for detecting small differences in DNA content (Zaldoš et al., 1998) .
The purpose of this study was to explain the unusual microsatellite banding patterns observed in two mature trees during a genotyping study in a mixed oak stand of Q. robur and Q. petraea. Suspecting that these trees were triploid, their polyploidy was investigated by using conventional and molecular methods.
MATERIALS AND METHODS

Plant material
The oak trees were in a study site located in the Forest District Jamy, in the northern part of Poland near Grudziadz. This site is a 120-year-old mixed oak stand of Q. petraea and Q. robur. Within approx. 5 ha all adult oak trees were mapped and classified according to a set Vicia villosa 'Minikowska' was used as an internal standard for flow cytometry. Its DNA content (3 . 32 pg/2C) was estimated by using male human leucocytes (2C ¼ 7 . 0 pg; Tiersch et al., 1989) .
Microsatellite analysis
All mapped trees were sampled for leaves and genotyped using a set of six microsatellite markers -ssrQpZAG9, ssrQpZAG110 (Steinkellner et al., 1997) , ssrQrZAG7, ssrQrZAG20 (Kampfer et al., 1998) , MSQ4 and MSQ13 (Dow et al., 1995) -by the PCR multiplex protocol described by Dzialuk et al. (2005) . PCR products were analysed using an ABI 310 automatic sequencer (Applied Biosystems, California, USA). DNA fragment analyses for two trees, namely no. 275 classified as Q. robur and no. 354 classified as Q. petraea, revealed patterns of microsatellite variation unexpected for diploid genomes, with up to three alleles at some loci.
For the two putative triploid trees sampling of leaf material was repeated using leaves collected at two crown levels: from the lowest branch by cutting with pruning scissors, and from within the crown by shooting down branches with a shotgun. In total, leaf samples were collected three times during the vegetation period. The leaves were used for microscopic stomata length measurements and for nuclear DNA content estimation by flow cytometry. In addition, wood samples were collected for simple sequence repeat (SSR) analyses.
In addition, leaves of two diploid individuals of Q. robur (nos. 89 and 356) and two of Q. petraea (nos. 187 and 220) were sampled as a reference for stomata length measurements and DNA content estimation to confirm the polyploid nature of the putative triploid trees.
Stomata length measurements
Stomata length was measured by using a light microscope at 400Â magnification, coupled with a camera and appropriate computer software (LUCIA-version G). Microscope slides (approx. 1 . 5 cm 2 of fresh leaves) were prepared immediately prior to observation. For each tree, the lengths of 80 stomata were measured; in total, 480 stomata were analysed.
Nuclear DNA content estimation by flow cytometry Plant material was prepared for flow cytometric analysis according to Galbraith et al. (1983) , with some modifications necessary for species containing staining inhibitors in their cytosol (Zaldoš et al., 1998) . Quercus and Vicia (internal standard) leaf blade fragments of about 0 . 5-1 cm 2 were chopped simultaneously with a sharp razor blade in a plastic Petri dish with 1 ml of nucleus-isolation buffer (45 mM MgCl 2 .6H 2 O, 30 mM sodium citrate, 20 mM 3-[N-morpholino]propane sulfonic acid, 0 . 5 % v/v Triton X-100, pH 7 . 0), supplemented with two reductants [combination and concentrations established in a preliminary experiment, in which the two antioxidants, PVP and b-mercaptoethanol, were added to the buffer separately (PVP at 1 and 2 %, b-mercaptoethanol at 10 and 15 mM) or together, using different combinations of these concentrations], polyvinylpyrrolidone (PVP; 2 % v/v) and b-mercaptoethanol (15 mM), as well as with RNse A (50 mg mL -1 ). After chopping, the suspension was passed through a 50-mm mesh nylon filter and incubated for 10 min at room temperature, then propidium iodide (PI; 50 mg mL -1 ) was added and the sample was incubated for another 5 min at room temperature. For each sample, about 7000 -10 000 nuclei were analysed using a Partec CCA (Münster, Germany) flow cytometer. Analyses were replicated seven times (for seven different leaves) for each tree. Histograms were analysed using a DPAC v.2 . 2 computer program. Nuclear DNA content was calculated according to the linear relationship between the ratio of the 2C peak positions of Quercus/Vicia on histograms of fluorescence intensities.
RESULTS
Microsatellite analysis
Among 421 trees, two trees, namely no. 275 classified as Q. robur and no. 354 classified as Q. petraea, revealed patterns of microsatellite variation unexpected for diploid genomes, with up to three alleles at some loci.
Multiplex PCR analyses of microsatellite variation repeated for the total material sampled from the two putative triploids demonstrated the same pattern, regardless of DNA source tissue (leaves or wood), crown level and sampling time. Thus, standard single microsatellite locus PCR reactions were performed. The results were identical to those obtained in multiplex reactions, confirming the presence of three peaks in some loci. Genotypes of both putative triploid trees are shown in Table 1 . In both cases four of six marker loci revealed a three-peak pattern, which is expected for a triploid genome. The diploid-like pattern (i.e. two PCR products) was observed in the MSQ 4 locus for both putative hybrid trees. However, no homozygous genotype was found in either of the two genotyped trees.
In the diploid-like genotypes, unusual differences were observed in the amount of PCR product between allelic products (scored as peak height), which may be related to the presence of the same allele in two out of three chromosomes. Figure 1 shows the relative amount (i.e. percentage) of the allelic products at all six loci. In the diploid-like MSQ 4 locus, the larger amount of product was scored for longer DNA fragments. The same pattern, but much less evident, was also observed for the AG 7 locus in tree no. 275. The opposite pattern was detected for the products of the AG 110 locus for tree no. 354. However, in this case the amount of PCR product was variable, as the shorter allele took over 80 % of the total PCR product of the locus.
Stomata length measurements
The stomata length of the two putative triploid trees ranged from 22 . 1 to 40 . 0 mm (mean 30 . 47 mm), whereas for the control sample it varied from 20 . 8 to 33 . 9 mm (mean 27 . 72 mm for Q. robur and 25 . 86 mm for Q. petraea) ( Table 2) . Each putative triploid tree had significantly longer stomata compared with control trees, as confirmed by Tukey's test (a , 0 . 05).
FIG. 1. Relative amounts of allelic PCR products scored for particular loci for two putative triploid trees. Abscissa: allele length in base pairs (bp).
Ordinate: relative amounts. Peaks suspected to be a result of overlaps in allele fragment size are marked with asterisks. 
DNA content estimation by flow cytometry
The flow cytometric histograms of nuclei isolated from Quercus leaves, regardless of the ploidy level of the tree, contained only a peak corresponding to the G 0 /G 1 phase of the cell cycle, which facilitated the use of Vicia villosa (2C ¼ 3 . 32 pg) as an internal standard. Modification of Galbraith's buffer (Galbraith et al., 1983) prevented any reduction of the fluorescence of the internal standard nuclei and improved histogram quality; the coefficient of variation (CV) for the Quercus peak ranged from 3 . 90 to 7 . 0 %, values regarded as acceptable for species containing staining inhibitors in their cytosol. 2C DNA values ranged from 1 . 59 to 2 . 45 pg ( Table 2 ). The putative triploids contained 1 . 5-fold more DNA per nucleus (3Cx) than the diploids (2Cx). The monoploid genome size (Cx) of all trees was about 0 . 8 pg.
DISCUSSION
Plants can possess different ploidy values, even at the species level. Spontaneous intraspecific ploidy variation has been observed in several tree species including Acacia dealbata (Blakesley et al., 2002) , Ulmus americana (Sherald et al., 1994) and Fraxinus americana (Schaefer and Miksche, 1977; Armstrong, 1982) . Within the genus Quercus there are only few reports of spontaneous intraspecific ploidy variation in Q. robur. Triploidy has been confirmed in only 11 naturally occurring individuals, although most of these were found by coincidence during other studies (Table 3) . Triploid oaks appear to occur very rarely. This study provides evidence for triploidy in a mixed stand of Q. petraea and Q. robur at a frequency of 0 . 48 %. Other authors have observed similar frequencies in Q. robur (Table 3) . However, much higher frequencies (five triploids among 16 individuals analysed) were observed among selected trees of Q. robur (Lefort et al., 2000) . To our knowledge, this report contains the first evidence of triploidy in Q. petraea. Triploid acorns are more frequent in oak trees producing twin seedlings at a high frequency (Johnsson, 1946) . The origin of triploids is probably from gametes, which fail to undergo meiotic reduction. Among diploid oaks, several individuals produce 2n pollen grains comprising 5 -10 % of the microspores (Butorina, 1993) .
This present study was motivated by the presence of an unusual tri-allelic pattern at some microsatellite loci in two oak individuals (one Q. robur and one Q. petraea). Unusual tri-allelic patterns for some nuclear microsatellite loci were reported for Q. robur earlier by Lefort and coworkers (Lefort et al., 1998 (Lefort et al., , 2000 Lefort and Douglas, 1999) . This tri-allelic pattern at some loci could result from aneuploidy of one or more chromosomes, or a duplication of one or several regions of the genome. Indeed, hyperaneuploidy and hypoaneuploidy were reported for oak in a cytological study previously (Butorina, 1993) . However, the loci used were each located on a different chromosome (Barreneche et al., 1998 (Barreneche et al., , 2004 ; therefore, the two individuals investigated could have been examples of euploidy. Unusual banding patterns observed in only a few of several loci analysed seem to be typical for triploid trees. In oaks, Naujoks et al. (1995) observed additional alleles for two of 11 isozyme loci analysed in one individual; Lefort and Douglas (1999) found tri-allelic profiles at 2 -6 microsatellite loci in six triploid oaks. Based on the amounts of amplification products, the diploid-like patterns can be explained to be a result of the overlapping of two allelic fragments of identical size. We note that tri-or multi-allelic profiles at microsatellite markers are also frequently observed in diploids due to localized duplications of chromosomal segments and/or past genome duplication events (Lynch and Conery, 2000) . It is thus important to confirm differences in ploidy level using additional data.
Ploidy level was confirmed by measuring stomata length. According to Burda and Shchepotiev (1973) , the stomata of triploid oaks are always significantly longer (sometimes up to 1 . 3 times) than in diploids. A similar tendency was observed in this study (Table 2 ) and by Naujoks et al. (1995) and by Lefort and Douglas (1999) (Table 3) . Burda and Shchepotiev (1973) observed also a significantly larger area of leaf stomata (455 . 5 mm 2 ) than in diploids (269 . 3 mm 2 ). The ploidy level was also confirmed by flow cytometric analysis of nuclear DNA content. The diploids of both Quercus species contained about 1 . 6 pg DNA. Thus, assuming that the monoploid genome size is 0 . 8 pg, the trees possessing 2 . 4 pg/2C clearly are triploids. The 2C values obtained here are slightly lower then those reported by Favre and Brown (1996) and Zoldoš et al. (1998; over 1 . 8 pg) , probably because another internal standard, isolation buffer and/or fluorescent dye was used. However, the values were very close to those estimated using Feulgen microdensitometry (Ohri and Ahuja, 1990; Bennett and Smith, 1991) .
Polyploid plants have larger cells but also individual plants are often larger. This has led to deliberate creation of polyploid varieties of such plants as watermelons, marigolds and snapdragons. In general, polyploids are considered to possess a greater ability to colonize a wider Lefort et al. (1998 Lefort et al. ( , 2000 , Lefort and Douglas (1999) range of habitats and survive better in harsh unstable environments compared with their diploid progenitors, probably due to increased heterozygosity and genic and biochemical flexibility provided by the presence of additional alleles (Stebbins, 1985; Song et al., 1995; Matzke et al., 1999) . In addition, compared with their diploid progenitors, triploids seem to be more tolerant to drought, and more resistant to pathogens and pests due to enhanced production of various secondary plant metabolites (Levin, 1983) . Triploid oaks have the potential to be highly productive. They differ from other individuals of similar age because they are unusually large, having all of the characteristics of elite trees (Butorina, 1993; Naujoks et al., 1995; Lefort et al., 1998) . The observed giant characters have fostered optimistic expectations regarding breeding of polyploid forest trees (Naujoks et al., 1995; Lefort and Douglas, 1999) . Their natural occurrence presents an opportunity for studying the fertility and vigour of triploid oaks in the wild, and the possibility of testing the hypothesis that they can be used in forest tree breeding programmes. Although triploid oaks are capable of producing acorns, they have rather low fertility (Butorina, 1993) . This fertility (the occurrence of flowering and fruit set) offers opportunities for further research concerning allele segregation and gene flow. Meiosis in microsporogenesis of these trees is highly disturbed and, as a consequence, pollen with unbalanced chromosome numbers is produced. The number of cells showing meiotic disturbances may vary in different years, reaching percentages of abnormal divisions of up to 98 % of the total number of dividing microspocytes (Butorina, 1993) . The presence of triploid oaks in forest stands where seeds are collected for reforestation purposes may have further implications. Triploid oaks that are unusually large may be selected as elite trees (Lefort and Douglas, 1999 ) utilized for harvesting seeds or cuttings with the aim of establishing seed orchards. Such sampling may unintentionally increase the proportion of triploids in further generations, probably reducing their fertility. Regardless of the positive or negative aspects of the presence of triploid oaks in forest stands it is of value to be able to screen for them. This study demonstrated that nuclear microsatellites and estimation of DNA content by flow cytometry can readily be used for this purpose.
